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						ABSTRACT—
						Pulse oximeters are ubiquitous in modern medicine
					
				

				
					
						to noninvasively measue the percentage of oxygenated hemoglobin
					
				

				
					
						in a patient’s blood by comparing the transmission characteristics
					
				

				
					
						of red and infrared light-emitting diode light through the patient’s
					
				

				
					
						nger with a photoreceptor. We present an analog single-chip pulse
					
				

				
					
						oximeter with 4.8-mW total power dissipation, which is an order
					
				

				
					
						of magnitude below our measurements on commercial implemen-
					
				

				
					
						tations. The majority of this power reduction is due to the use of a
					
				

				
					
						novel logarithmic transimpedance amplier with inherent contrast
					
				

				
					
						sensitivity, distributed amplication, unilateralization, and auto-
					
				

				
					
						matic loop gain control. The transimpedance amplier, together
					
				

				
					
						with a photodiode current source, form a high-performance pho-
					
				

				
					
						toreceptor with characteristics similar to those found in nature,
					
				

				
					
						which allows LED power to be reduced. Therefore, our oximeter
					
				

				
					
						is well suited for portable medical applications, such as continuous
					
				

				
					
						home-care monitoring for elderly or chronic patients, emergency
					
				

				
					
						patient transport, remote soldier monitoring, and wireless medical
					
				

				
					
						sensing. Furthermore, our design obviates the need for an A-to-D
					
				

				
					
						and digital signal processor and leads to a small single-chip solu-
					
				

				
					
						tion. We outline how extensions of our work could lead to submil-
					
				

				
					
						liwatt oximeters.
					
				

				
					
						INDEX TERMS—
						Biomedical sensor, blood oxygen saturation, low
					
				

				
					
						power, medical instrumentation, pulse oximeter, transimpedance
					
				

				
					
						amplier.
					
				

			

			
				
					
						more traditional ones, such as blood pressure, heart rate, body
					
				

				
					
						temperature, and breathing rate. Pulse oximeters provide early
					
				

				
					
						information on problems in the respiratory and circulatory sys-
					
				

				
					
						tems. They are widely used in intensive care, operating rooms,
					
				

				
					
						emergency care, birth and delivery, neonatal and pediatric care,
					
				

				
					
						sleep studies, and in veterinary care [1].
					
				

				
					
						The most frequent use of pulse oximeters is in anesthesi-
					
				

				
					
						ology. Tissue oxygenation and, consequently, blood saturation
					
				

				
					
						are of extreme importance to anesthesiologists because they ad-
					
				

				
					
						minister narcotics to the patient to suppress the central nervous
					
				

				
					
						system. This administration stops the patient’s desire to breathe
					
				

				
					
						and places them in a state where they can no longer meet
					
				

				
					
						oxygen demands on their own. In addition, anesthesiologists
					
				

				
					
						administer muscle relaxants which stop the ability to breathe
					
				

				
					
						and permit airways to collapse. Thus, it is necessary to restore
					
				

				
					
						breathing through intubation and articial respiration. In a
					
				

				
					
						sense, the anesthetist becomes the controller for the patient’s
					
				

				
					
						respiratory system, and the blood oxygen level provides the
					
				

				
					
						best feedback variable.
					
				

				
					
						Apart from the aforementioned applications, there is a
					
				

				
					
						growing demand today for small, long-lasting, and cheap pulse
					
				

				
					
						oximeters suitable for many novel and exciting portable or
					
				

				
					
						wearable medical applications [1]. For instance, home-care
					
				

				
					
						monitoring for elderly or chronically ill patients is gaining
					
				

				
					
						popularity as a continuous and exible alternative to costly
					
				

				
					
						medical supervision in hospitals and nursing homes. Moreover,
					
				

				
					
						the military is seeking solutions to remotely monitor the health
					
				

				
					
						of soldiers in the battleeld by using light and durable sensor
					
				

				
					
						tags attached to their bodies. Other potential applications for
					
				

				
					
						such cheap and portable biomedical sensors will also include
					
				

				
					
						athlete or farm animal monitoring, emergency patient transport,
					
				

				
					
						and wireless sensor networks. Reducing the power consump-
					
				

				
					
						tion of such sensors is a critical step in such applications as
					
				

				
					
						power directly dictates battery life, size, and cost which, in
					
				

				
					
						turn, inuence the dimensions and price of the overall device.
					
				

				
					
						In this paper, we present a pulse-oximeter system which dis-
					
				

				
					
						sipates signicantly less power compared to the best low-power
					
				

				
					
						commercial pulse oximeters that we could nd and measure.
					
				

				
					
						LED power, which normally dominates the power requirement
					
				

				
					
						of pulse oximeters, can be cut in our device because we em-
					
				

				
					
						ploy a novel transimpedance amplier at the sensor’s front end
					
				

				
					
						which is more sensitive than other designs to the signal of in-
					
				

				
					
						terest. Moreover, in contrast to traditional A-to-D than DSP
					
				

				
					
						approaches, our pulse oximeter performs all of its signal pro-
					
				

				
					
						cessing in the analog domain and eliminates the need for dig-
					
				

				
					
						ital signal processing completely, leading to a very area-efcient
					
				

				
					
						single-chip system.
					
				

				
					
						The outline of this paper is as follows: In Section II, we briey
					
				

				
					
						review the basic principles of pulse oximetry. In Section III, we
					
				

				
					
						describe the architecture of our low-power pulse oximeter and
					
				

			

			
				
					
						continuous method for monitoring the oxygen saturation
					
				

				
					
						of a patient’s blood. Pulse oximeters operate by comparing
					
				

				
					
						transmission characteristics of red and infrared light-emitting
					
				

				
					
						diode (LED) light through a patient’s nger with a photosensor,
					
				

				
					
						which provides information on what proportion of the hemo-
					
				

				
					
						globin in the blood is dark red and deoxygenated versus bright
					
				

				
					
						red and oxygenated. The modulation of the oximeter signal with
					
				

				
					
						arterial diameter due to blood pressure variations in between
					
				

				
					
						heartbeats helps separate blood transmission characteristics
					
				

				
					
						from the unmodulated tissue background.
					
				

				
					
						In modern medical practice, the blood oxygen level is consid-
					
				

				
					
						ered one of the important vital signs of the body along with the
					
				

			

			
				
					
						Manuscript received March 07, 2009; revised June 30, 2009. First published
					
				

				
					
						December 08, 2009; current version published January 27, 2010. This work was
					
				

				
					
						supported by the Ofce of Naval Research under Contract No. N00014-02-1-
					
				

				
					
						0434. This paper was recommended by Associate Editor G. Cauwenberghs.
					
				

				
					
						M. Tavakoli was with the Department of Electrical Engineering and Computer
					
				

				
					
						Science, Massachusetts Institute of Technology, Cambridge, MA 02139 USA.
					
				

				
					
						He is now with Linear Technology Corp., North Chelmsford, MA 01863 USA
					
				

				
					
						(e-mail: maziar@alum.mit.edu).
					
				

				
					
						L. Turicchia and R. Sarpeshkar are with the Department of Electrical Engi-
					
				

				
					
						neering and Computer Science, Massachusetts Institute of Technology, Cam-
					
				

				
					
						bridge, MA 02139 USA (e-mail: turic@mit.edu; rahuls@mit.edu).
					
				

				
					
						Color versions of one or more of the gures in this paper are available online
					
				

				
					
						at http://ieeexplore.ieee.org.
					
				

				
					
						Digital Object Identier 10.1109/TBCAS.2009.2033035
					
				

			

			
				
					
						1932-4545/$26.00 © 2009 IEEE
					
				

			

			
				
					
						AUTHORIZED LICENSED USE LIMITED TO: IEEE XPLORE. DOWNLOADED ON MAY 13,2010 AT 11:48:51 UTC FROM IEEE XPLORE.  RESTRICTIONS APPLY. 
					
				

			

			
				
					
						I. I
					
					
						NTRODUCTION
					
				

				
					
						P 
					
					
						ULSE oximetry is a fast, noninvasive, easy-to-use, and
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						the design and circuit implementation of each of its building
					
				

				
					
						blocks. In Section IV, we present experimental results and com-
					
				

				
					
						pare our power consumption with other implementations. In
					
				

				
					
						Section V, we conclude by summarizing our contributions.
					
				

			

			
				
					
						II. B
					
					
						ASIC 
					
					
						P
					
					
						RINCIPLES OF 
					
					
						P
					
					
						ULSE 
					
					
						O
					
					
						XIMETRY
					
				

				
					
						The idea behind the operation of pulse oximeters is that he-
					
				

				
					
						moglobin changes color from dark red to bright red when oxy-
					
				

				
					
						genated and reduces its absorption of red light. Hence, if we
					
				

				
					
						shine red LED light at 660 nm through one side of a patient’s
					
				

				
					
						nger and measure the transmitted light on the other side of the
					
				

				
					
						patient’s nger with a photo sensor (photoreceptor), we can ob-
					
				

				
					
						tain clues regarding the oxygen saturation , the percentage
					
				

				
					
						of hemoglobin molecules that are oxygenated in the blood of
					
				

				
					
						the patient’s nger. However, our absolute measurement will be
					
				

				
					
						affected by other tissues, such as skin and bone, that surround
					
				

				
					
						the arteries and veins that carry blood. Fortunately, arteries di-
					
				

				
					
						late and contract with each heartbeat so that during systole, the
					
				

				
					
						phase in which the ventricles of the heart contract and the blood
					
				

				
					
						pressure rises, relatively thicker arteries increase the absorption
					
				

				
					
						of light, and during diastole, the phase in which the ventricles
					
				

				
					
						of the heart relax and blood pressure falls, relatively thinner ar-
					
				

				
					
						teries decrease the absorption of light. By taking the ratio of the
					
				

				
					
						light measured by the photoreceptor at the peak and trough of a
					
				

				
					
						heartbeat cycle, we can obtain information that is independent
					
				

				
					
						of the absolute light intensity of the LED and independent of tis-
					
				

				
					
						sues that do not contain arterial blood (e.g., veins, skin, and bone
					
				

				
					
						which do not modulate their absorption with heartbeat cycles).
					
				

				
					
						This ratio is still exponentially dependent on the absolute con-
					
				

				
					
						centration of hemoglobin molecules in the blood (oxygenated
					
				

				
					
						or deoxygenated), the absorption coefcient of red light by he-
					
				

				
					
						moglobin, and on the thickness variation of the arteries over a
					
				

				
					
						heartbeat cycle. To avoid exponential dependency on these un-
					
				

				
					
						knowns, we can compute the logarithm of the peak-to-trough
					
				

				
					
						ratio. If we make another logarithmic peak-to-trough ratio mea-
					
				

				
					
						surement with a 940-nm infrared LED, and take the ratio of our
					
				

				
					
						two ratio measurements, any dependence on the absolute con-
					
				

				
					
						centration of hemoglobin and on the thickness variation of ar-
					
				

				
					
						teries over a heartbeat cycle disappears in our nal ratio as these
					
				

				
					
						unknowns are the same for both measurements and cancel in
					
				

				
					
						the nal ratio. Our nal ratio gives us information that is de-
					
				

				
					
						pendent only on the absorption coefcients of deoxygenated
					
				

				
					
						and oxygenated hemoglobin and on the percentage of hemo-
					
				

				
					
						globin that is oxygenated, the desired output of the oximeter
					
				

				
					
						. Since the absorption coefcients of deoxygenated and
					
				

				
					
						oxygenated hemoglobins are well known from other molecular
					
				

				
					
						measurements, we can obtain the percentage of hemoglobin that
					
				

				
					
						is oxygenated from a simple calculation.
					
				

				
					
						The intuitive description from before can easily be quantied
					
				

				
					
						and is described in detail in [1]. Beer’s law describes the at-
					
				

				
					
						tenuation of (monochromatic) light traveling through a medium
					
				

				
					
						containing an absorbing substance and predicts it to be an ex-
					
				

				
					
						ponential function of the product of three quantities, namely,
					
				

				
					
						the distance through the medium, the concentration of the sub-
					
				

				
					
						stance, and its intrinsic molecular absorption (extinction) coef-
					
				

				
					
						cient. It can be shown that the oximeter’s desired output is given
					
				

				
					
						by
					
				

			

			
				
					
						Fig. 1. Structure of our pulse oximeter system.
					
				

			

			
				
					
						where the constants in (1) are related to the absorption (extinc-
					
				

				
					
						tion) coefcients of oxygenated and deoxygenated hemoglobin
					
				

				
					
						at 660 nm and at 940 nm. In this equation, represents a param-
					
				

				
					
						eter called the “ratio of normalized absorbances,” the quantity
					
				

				
					
						actually measured by pulse oximeters, and is given by
					
				

			

			
				
					
						(2)
					
				

			

			
				
					
						The symbols , and denote the minimum value,
					
				

				
					
						maximum value, ac component, and dc component (average) of
					
				

				
					
						the red (R) and infrared (IR) light signals that are modulated
					
				

				
					
						by the pulsations of arterial blood and detected at the photore-
					
				

				
					
						ceptor. The ac component of interest in (2) is the signal compo-
					
				

				
					
						nent at the heart rate that is normally around 60–120 beats
					
				

				
					
						per minute (bpm) or, equivalently, 1–2 Hz in a healthy adult.
					
				

				
					
						The ac/dc terms on the right-hand side of (2) are known to be an
					
				

				
					
						excellent approximation to the left-hand side of (2) for the small
					
				

				
					
						ac signals and large dc signals that are typically found in pulse
					
				

				
					
						oximetry applications since
					
				

			

			
				
					
						[1]. Typical
					
				

			

			
				
					
						values of R range from 0.5%–2% [1].
					
				

				
					
						There are some secondary effects, such as the scattering of
					
				

				
					
						light in the human tissue or its reection at the surface of the
					
				

				
					
						skin, which are not accounted for in Beer’s law. These physical
					
				

				
					
						processes, which are very hard to model in a complex medium,
					
				

				
					
						such as the human body, necessitate empirical calibration of
					
				

				
					
						all pulse oximeters. For example, to calibrate commercial pulse
					
				

				
					
						oximeters, a large set of data is obtained in clinical studies from
					
				

				
					
						a large number of subjects. The collected data contain informa-
					
				

				
					
						tion about provided by the noninvasive pulse oximeter that
					
				

				
					
						is paired with actual readings found by analyzing blood
					
				

				
					
						samples of the subjects in a lab. Polynomial equations are then
					
				

				
					
						used to nd an empirical relationship between and that
					
				

				
					
						has less error than (1), [1]. After we have discussed how to nd
					
				

				
					
						we shall discuss the calibration of our pulse oximeter.
					
				

			

			
				
					
						III. A
					
					
						RCHITECTURE OF 
					
					
						O
					
					
						UR 
					
					
						L
					
					
						OW
					
					
						-P
					
					
						OWER 
					
					
						P
					
					
						ULSE 
					
					
						O
					
					
						XIMETER
					
				

				
					
						A block diagram of our pulse oximeter system is displayed
					
				

				
					
						in Fig. 1. The input to the chip is a photocurrent coming from
					
				

				
					
						the probe and the output of the chip is another current directly
					
				

				
					
						proportional to . To save power dissipation in the LEDs, the
					
				

				
					
						LED drive signals are chopped by a square wave with a small
					
				

			

			
				
					
						%
					
				

			

			
				
					
						(1)
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						Fig. 2. Schematic of (a) a linear and (b) logarithmic transimpedance amplier.
					
				

			

			
				
					
						duty cycle and a switching frequency (3% and 100 Hz in
					
				

				
					
						our setup, respectively). The arterial blood pulsations at the
					
				

				
					
						heart rate frequency AM modulate the chopped LED light
					
				

				
					
						passing through the tissue. Our switching frequency
					
				

			

			
				
					
						is still
					
				

			

			
				
					
						much higher than so that aliasing effects are minimal.
					
				

				
					
						The red and IR LEDs are alternatively illuminated and the
					
				

				
					
						photocurrent generated by a single photodiode is split, switched,
					
				

				
					
						and steered into two different paths (channels), one channel sen-
					
				

				
					
						sitive to the red light, and the other to IR light. The signal-
					
				

				
					
						processing unit is composed of our novel transimpedance am-
					
				

				
					
						pliers, low-pass lters (LPF), and a ratio computation block.
					
				

				
					
						We will now sequentially describe each section of the oximeter
					
				

				
					
						system shown in Fig. 1.
					
				

			

			
				
					
						A. Novel Transimpedance Ampliers
					
				

				
					
						The most important building blocks of our pulse oximeter
					
				

				
					
						system are its two front-end transimpedance ampliers (pho-
					
				

				
					
						toreceptors) which convert the light-generated current to
					
				

				
					
						voltage. In commercial pulse oximeters, this conversion is
					
				

				
					
						often carried out by a classic linear transimpedance amplier,
					
				

				
					
						such as the one shown in Fig. 2(a) and [1]. The amplier (A)
					
				

				
					
						is utilized to attenuate the effect of the typically large parasitic
					
				

				
					
						capacitance of the photodiode, thus decreasing the time con-
					
				

				
					
						stant, and increasing the bandwidth of the sensor. However, our
					
				

				
					
						pulse oximeter system employs a logarithmic characteristic to
					
				

				
					
						convert current to voltage. As displayed in Fig. 2(b), our loga-
					
				

				
					
						rithmic characteristic is achieved by the feedback transistor
					
				

				
					
						which operates in its subthreshold regime of operation (since
					
				

				
					
						is fairly small) and exhibits an exponential I-V characteristic.
					
				

				
					
						Other logarithmic transimpedance ampliers are described in
					
				

				
					
						[23].
					
				

				
					
						The key incentive behind the employment of the logarithmic
					
				

				
					
						instead of linear sensing is that it is inherently sensitive to the
					
				

				
					
						contrast (ac/dc) of the input photocurrent signal since the deriva-
					
				

				
					
						tive of a function is equal to the derivative of over
					
				

				
					
						itself: If we Taylor expand the logarithmic large-signal relation-
					
				

				
					
						ship between and shown in the circuit of Fig. 2(b) to
					
				

				
					
						nd its small-signal output voltage, we obtain
					
				

			

			
				
					
						Fig. 3. Circuit schematic of a state-of-the-art logarithmic transimpedance pho-
					
				

				
					
						toreceptor with a single-stage amplier and adaptive temporal ltering. (All of
					
				

				
					
						the transistors in this gure have
					
					
						
					
					
						m.)
					
				

			

			
				
					
						We see that this voltage is indeed proportional to the ac/dc
					
				

				
					
						of the input current as expected; is the subthreshold ex-
					
				

				
					
						ponential coefcient of , and is the thermal
					
				

				
					
						voltage [2]. Logarithmic photoreceptors are therefore a perfect
					
				

				
					
						t to oximetry applications. Comparing (2) and (3) reveals that
					
				

				
					
						the outputs of the two logarithmic transimpedance ampliers
					
				

				
					
						seen in Fig. 1 are automatically proportional to the numerator
					
				

				
					
						and the denominator of (2),
					
				

				
					
						respectively. Therefore, the exploitation of logarithmic compu-
					
				

				
					
						tation saves us the need to explicitly calculate two ac and two dc
					
				

				
					
						components and then performs two divisions as in conventional
					
				

				
					
						linear systems.
					
				

				
					
						The circuit schematic of a well-known logarithmic tran-
					
				

				
					
						simpedance photoreceptor is shown in Fig. 3, [3]. This
					
				

				
					
						photoreceptor was inspired by the operation of biological
					
				

				
					
						photoreceptors in turtle cones and bears many of its properties
					
				

				
					
						including higher ac gain than dc gain, a contrast-sensitive
					
				

				
					
						response, and a relatively wide dynamic range of operation
					
				

			

			
				
					
						(3)
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						Fig. 4. Circuit schematic of each logarithmic transimpedance amplier used in our pulse oximeter system of Fig. 1. This circuit employs distributed amplication
					
				

				
					
						and automatic loop gain control. (All of the transistors in this gure have
					
					
						
					
					
						m.)
					
				

			

			
				
					
						[4]. The diode and transistor form a logarithmic pho-
					
				

				
					
						toreceptor and transistors - implement a single-stage
					
				

				
					
						inverting common-source amplier, as outlined in Fig. 2(b).
					
				

				
					
						The elements , and in Fig. 3 form a temporal
					
				

				
					
						low-pass (LP) lter in the feedback path, which results in an
					
				

				
					
						overall high-pass (HP) characteristic for the photoreceptor and
					
				

				
					
						boosts the gain for ac signals (beyond the HP pole frequency).
					
				

				
					
						The use of an adaptive element to realize , a detailed
					
				

				
					
						implementation for which may be found in [4], results in a
					
				

				
					
						value of around 0.1 Hz for this frequency. The output voltage
					
				

				
					
						of the photoreceptor in Fig. 3 for ac signals is equal to
					
				

			

			
				
					
						light-dependent pole at the input of the photoreceptor, thus there
					
				

				
					
						is smaller LED light intensity and smaller power dissipation in
					
				

				
					
						our pulse oximeter for a given target bandwidth. A high band-
					
				

				
					
						width is required to ensure that our photoreceptors completely
					
				

				
					
						turn 
					
					
						ON 
					
					
						and settle down in the short 
					
					
						ON 
					
					
						duration of LED pulses
					
				

				
					
						to guarantee proper conversion, distribution, and processing of
					
				

				
					
						the input red and IR photocurrents.
					
				

				
					
						The reason for distributing gain is that it is hard to build
					
				

				
					
						single-stage ampliers with a large GBW. A cascade of ampli-
					
				

				
					
						ers has a signicantly larger GBW than a single-stage ampli-
					
				

				
					
						er with the same gain. In fact, it has been shown in [7] that
					
				

				
					
						if the GBW of each amplifying stage is constant, then the time
					
				

				
					
						constant for an N-stage amplier with identical gains per stage
					
				

				
					
						is proportional to versus being proportional to A
					
				

				
					
						for the single-stage case (the single stage has the same overall
					
				

				
					
						gain A). Intuitively, the higher GBW is attained because, while
					
				

				
					
						time constants add in a cascaded-gain system, gains multiply. In
					
				

				
					
						other words, a large GBW is achieved in a multistage amplier
					
				

				
					
						because you can build up gain more quickly than you lose band-
					
				

				
					
						width. Bandwidth considerations help us understand why the
					
				

				
					
						gain may have been distributed in many biological systems (e.g.,
					
				

				
					
						photoreceptors in biology typically have multiple gain stages
					
				

				
					
						[6]) and amplication in the cochlea is performed collectively
					
				

				
					
						over many stages [8], [9]. RF low-noise ampliers (LNAs) are
					
				

				
					
						usually multistage if a large GBW is required. In many biolog-
					
				

				
					
						ical systems, a multistage gain topology also allows one to adapt
					
				

				
					
						the gain of the topology with a much weaker change in band-
					
				

				
					
						width [5], [8], [9].
					
				

				
					
						A numerical example helps clarify the dramatic advantages of
					
				

				
					
						distributing gain: Suppose that in the transimpedance topology
					
				

				
					
						of Fig. 2(b), we want to realize a gain of 8000 in our amplier
					
				

				
					
						to speed up a light pole that initially lies at 1 Hz (open loop) in a
					
				

				
					
						typical low light-intensity condition and achieves a closed-loop
					
				

				
					
						bandwidth as high as possible. Suppose that rst we decide to
					
				

				
					
						implement this gain by cascading three gain stages, each having
					
				

				
					
						a gain of 20. Assume that each amplifying stage has a GBW of
					
				

				
					
						(in hertz). Therefore, the feedback loop has one open-
					
				

			

			
				
					
						(4)
					
				

			

			
				
					
						While this photoreceptor works well for many applications, the
					
				

				
					
						limited gain of the simple amplier and unwanted capacitances
					
				

				
					
						in its architecture (i.e., ) limit the speedup of its light-de-
					
				

				
					
						pendent slow input time constant and restrict its closed-loop
					
				

				
					
						bandwidth. Furthermore, the bandwidth of the photoreceptors
					
				

				
					
						changes linearly with light intensity, an undesirable property if it
					
				

				
					
						is to have a performance invariant with LEDs of varying intensi-
					
				

				
					
						ties, in ngers of different thickness, and with different skin pig-
					
				

				
					
						mentation. Real biological photoreceptors use distributed gain
					
				

				
					
						amplication and adaptive feedback to make their bandwidth
					
				

				
					
						weakly dependent on intensity [5], [6]. We can take inspiration
					
				

				
					
						from their design to further improve the design of this loga-
					
				

				
					
						rithmic transimpedance amplier (photoreceptor).
					
				

				
					
						Fig. 4 illustrates the circuit schematic of a novel logarithmic
					
				

				
					
						transimpedance amplier that we have employed in the pulse
					
				

				
					
						oximetry system of Fig. 1. Our photoreceptor improves on the
					
				

				
					
						photoreceptor of Fig. 3 in three ways, which are described in
					
				

				
					
						the paragraphs below. Our rst improvement is to distribute the
					
				

				
					
						gain of the amplier over three stages, rather than one stage,
					
				

				
					
						to increase its gain-bandwidth product (GBW). A high GBW is
					
				

				
					
						necessary for attaining large gains in the amplier and still en-
					
				

				
					
						suring that the feedback loop of the photoreceptor is stable. A
					
				

				
					
						higher gain for the amplier results in a larger speedup for the
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						loop light pole at 1 Hz, three open-loop amplier poles at
					
				

				
					
						100 kHz, and a loop gain of 8000. Root locus and
					
				

				
					
						feedback loop analysis show that when the loop is closed, the
					
				

				
					
						light pole moves to 11 kHz. Also, one of the amplier poles
					
				

				
					
						is transferred to 43 kHz while the other two are much higher
					
				

				
					
						in frequency. Thus, the closed-loop system acts almost like a
					
				

				
					
						rst-order system with a bandwidth of about 11 kHz (set by the
					
				

				
					
						light pole) and no stability problems. This example also shows
					
				

				
					
						that since the light-dependent pole acts as a dominant pole for
					
				

				
					
						the system, there are no potential stability problems due to the
					
				

				
					
						existence of three amplier poles.
					
				

				
					
						Now suppose that we want to implement the required 8000
					
				

				
					
						gain with a single amplifying stage. In this case, the feedback
					
				

				
					
						loop has one open-loop light pole at 1 Hz, a single open-loop
					
				

				
					
						amplier pole at Hz, and a loop gain
					
				

				
					
						of 8000. Note that the amplier pole is now 400 times slower
					
				

				
					
						than the amplier poles above at the same overall gain, meaning
					
				

				
					
						that the effective GBW of the amplier is much smaller. When
					
				

				
					
						the feedback loop is closed, a root locus plot illustrates that
					
				

				
					
						these two poles come together and depart from the real axis
					
				

				
					
						and form a complex pair at a frequency of 1.4 kHz and with
					
				

				
					
						a Q of 5.6. Therefore, not only does the single-stage-amplier
					
				

				
					
						system have a nal bandwidth that is almost eight times smaller
					
				

				
					
						than the three-stage system, it exhibits poor transient response
					
				

				
					
						and large overshoot, which makes it practically unusable. This
					
				

				
					
						example demonstrates the merits of distributing the gain over
					
				

				
					
						many stages in our transimpedance amplier design.
					
				

				
					
						As seen in Fig. 4, six operational transconductance ampli-
					
				

				
					
						er (OTA) blocks form our three-stage amplier. These blocks
					
				

				
					
						have an input–output relationship dened by
					
				

				
					
						where is proportional to . This relationship
					
				

				
					
						implies that the OTA2 blocks, in which the output terminal is
					
				

				
					
						connected to the negative input terminal, act like resistors of
					
				

				
					
						value . Thus, the total gain of the three-stage amplier
					
				

				
					
						is . The circuit implementations of the specic
					
				

				
					
						OTA1 and OTA2 blocks utilized in our transimpedance ampli-
					
				

				
					
						ers are displayed in Fig. 5. OTA1 is a cascode differential am-
					
				

				
					
						plier with active load. OTA2 is a wide output voltage range
					
				

				
					
						differential amplier [2] that uses the well (body) terminals of
					
				

				
					
						the two input PMOS transistors, instead of their gates, to lower
					
				

				
					
						the transconductance of the block (i.e.,
					
				

			

			
				
					
						Fig. 5. Circuit implementations of (a) OTA1 blocks and (b) OTA2 blocks uti-
					
				

				
					
						lized in the distributed amplier of Fig. 4. (All of the transistors in this gure
					
				

				
					
						have
					
					
						
					
					
						m.)
					
				

			

			
				
					
						and increase the
					
				

			

			
				
					
						tenuation and shift in the log-voltage domain, respectively. The
					
				

				
					
						circuits of Fig. 4 implement this condition since changes log-
					
				

				
					
						arithmically with intensity and the of OTA2 changes expo-
					
				

				
					
						nentially with its gate voltage in subthreshold operation. A more
					
				

				
					
						exact analysis shows that this power needs to be if all
					
				

				
					
						of the ampliers operate in subthreshold and if all
					
				

				
					
						of the ampliers operate above threshold. Experimentally,
					
				

				
					
						this photoreceptor was able to achieve a closed-loop bandwidth
					
				

				
					
						that was nearly invariant over more than three orders of magni-
					
				

				
					
						tude of light intensity.
					
				

				
					
						In a conguration similar to that of each gain stage of the
					
				

				
					
						distributed amplier, the ratio of two OTAs implements
					
				

				
					
						the scaling factor “ ” in the adaptive loop gain circuitry
					
				

				
					
						of Fig. 4. However, the transfer curves of these OTAs features
					
				

				
					
						a sinh I-V characteristic that is implemented by using a novel
					
				

				
					
						sinhR element described in [11]. The sinh resistance quickens
					
				

				
					
						the response time of the adaptive loop gain mechanism to large
					
				

				
					
						input transients and, thus, improves its stability.
					
				

				
					
						Finally, a common-gate stage (i.e., transistor is used in
					
				

				
					
						the transimpedance amplier of Fig. 4 to sense the input pho-
					
				

				
					
						tocurrent and convert it to a logarithmic voltage. This transistor
					
				

				
					
						removes the unwanted feedthrough coupling due to the gate-to-
					
				

				
					
						source capacitance in Fig. 3, which limits the speedup
					
				

				
					
						and bandwidth of the photoreceptor’s transimpedance feedback
					
				

				
					
						loop by creating an unwanted zero in it. The gate-to-source ca-
					
				

				
					
						pacitance of is shorted to an ac ground at in Fig. 4
					
				

				
					
						and does not cause feedthrough. Note that a source-follower
					
				

				
					
						stage (i.e., transistor is still needed to ensure that no dc cur-
					
				

				
					
						rent ows through [4]). However, the feedthrough coupling
					
				

				
					
						caused by the gate-to-source capacitance of this source follower
					
				

				
					
						is at a very high frequency because is a relatively large bias
					
				

				
					
						current rather than a small light-dependent current so that there
					
				

				
					
						are no bandwidth-limiting effects in the loop. The use of ex-
					
				

				
					
						ploits the well-known method of unilateralization for speeding
					
				

				
					
						up ampliers [7].
					
				

				
					
						In summary, the use of distributed amplication, adap-
					
				

				
					
						tive loop gain, and unilateralization help improve the tran-
					
				

				
					
						simpedance amplier of Fig. 3 to the energy-efcient version
					
				

				
					
						of Fig. 4.
					
				

			

			
				
					
						overall gain of our distributed amplier [10].
					
				

				
					
						Our next novel improvement in the transimpedance amplier
					
				

				
					
						of Fig. 4 is to incorporate an adaptive loop gain mechanism to
					
				

				
					
						automatically adjust its loop gain based on the light intensity.
					
				

				
					
						With an increase in light, , and, nally, rise and
					
				

				
					
						the gain of the distributed amplier drops (and vice versa). The
					
				

				
					
						circuit then exhibits less speedup for high light levels (to pre-
					
				

				
					
						vent potential instability due to interactions of light pole and
					
				

				
					
						three amplier poles) and more speedup for low light levels (to
					
				

				
					
						achieve the target bandwidth required in our pulse oximetry ap-
					
				

				
					
						plication).
					
				

				
					
						The voltage is averaged by an LPF so that our gain con-
					
				

				
					
						trol mechanism only responds to changes in the average light
					
				

				
					
						intensity. Blocks marked “ ” and “Level Shifter” in Fig. 4
					
				

				
					
						adjust the gain and the offset of the control variable . Since
					
				

				
					
						we have three gain stages and the product of the gains of the
					
				

				
					
						three stages needs to adapt linearly with light
					
				

				
					
						intensity, the change in with intensity should follow a
					
				

				
					
						power law. The blocks marked “ x” and “level shifter” im-
					
				

				
					
						plement this power law in the current domain via a
					
				

			

			
				
					
						rd at-
					
				

			

			
				
					
						B. Probe
					
				

				
					
						In our pulse oximeter, we employ a nger clip transmittance
					
				

				
					
						reusable probe manufactured by Nonin Medical, Inc. (model
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